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RESUMO 

 

O fogo é um distúrbio natural que integra as paisagens de ecossistemas abertos, como o 

Campo Rupestre (CR), onde as espécies, ao longo do tempo, se adaptaram e prosperaram em 

condições pós-fogo. Embora o fogo esteja presente nesse ambiente, seus efeitos fisiológicos 

sobre a dinâmica da vegetação ainda são pouco compreendidos. Sabe-se, no entanto, que ele 

desempenha um papel importante no recrutamento de plântulas a partir de sementes presentes 

no banco de sementes do solo, as quais podem passar por ciclos de hidratação e desidratação 

ao absorver moléculas químicas derivadas da queima da vegetação. Neste estudo, 

investigamos a técnica de priming de sementes com compostos da fumaça em sementes de 

Vellozia compacta e Vellozia caruncularis, simulando a passagem do fogo pelo banco de 

sementes. O experimento foi composto por sementes com e sem tratamento de priming com 

"água de fumaça", que foram enterradas em três simulações distintas de banco de sementes no 

solo: (1) controle, (2) cinzas oriundas da queima de vegetação do campo rupestre, e (3) 

passagem do fogo sobre vegetação do campo rupestre. Após os tratamentos, e dois dias de 

umidificação, as sementes foram exumadas para análises fisiológicas. Foram analisados 

parâmetros germinativos (percentual de germinação e índice de velocidade de germinação - 

IVG) e quantificados marcadores bioquímicos nas plântulas (açúcares solúveis totais, 

aminoácidos totais e malondialdeído - MDA). O priming com "água de fumaça" resultou em 

melhores parâmetros germinativos para ambas as espécies sob as condições de simulação do 

fogo (3). Em contraste, para os parâmetros bioquímicos nas plântulas, as concentrações de 

açúcares solúveis totais e de aminoácidos totais foram mais elevadas nas condições controle e 

de simulação com cinzas. Essa resposta foi mais acentuada com a aplicação do priming. O 

priming também foi relevante para a redução dos níveis de MDA, um composto formado pela 

peroxidação lipídica. Este estudo sugere que os efeitos fisiológicos e bioquímicos do priming 

com componentes químicos da fumaça em sementes de espécies de Velloziaceae do CR 

podem induzir uma memória fisiológica nas plantas durante a fase inicial de crescimento. 

Contudo, essa resposta é complexa, e estudos adicionais são necessários para compreender o 

papel do fogo na germinação e no recrutamento de plântulas. 

 

Palavras-chave: Campo Rupestre; Fogo; Fumaça; Germinação; Plântulas; Priming. 

  



 

 

ABSTRACT 

 

Fire is a natural disturbance that integrates the landscapes of open ecosystems such as the 

Campo Rupestre (CR), where species have adapted and thrived in post-fire conditions over 

time. Although fire is present in this environment, its physiological effects on vegetation 

dynamics are still poorly understood. Still, it is known that it plays an important role in the 

recruitment of seedlings from seeds found in the soil seed bank, which can experience cycles 

of hydration and dehydration by absorbing chemical molecules derived from burning 

vegetation. Here, we investigated the technique of priming seeds with smoke compounds in 

seeds of Vellozia compacta and Vellozia caruncularis in a simulation of the passage of fire 

through the seed bank. The experiment was composed of primed or non-primed seeds with 

smoked water, which were buried in three different soil seed bank simulations: (1) control, (2) 

ashes from burned vegetation of campo rupestre, and (3) fire passage on vegetation of campo 

rupestre. After the treatments, two days of being umifified, the seeds were exhumed for 

physiological analysis. Germination parameters were analyzed (germination percentage, and 

germination speed index - GSI), and biochemical markers (total soluble sugars, total amino 

acids, and malondialdehyde - MDA) were quantified in the seedlings. Priming with “smoked 

water” showed better germination parameters in both species in the fire simulation conditions 

(3). In contrast, for the biochemical parameters in the seedlings, the amount of total soluble 

sugars and total amino acids was higher in the control conditions and under fire simulation 

with the ashes. This response was more stimulated with the application of priming. The 

priming was important for reducing the MDA levels, a compound formed by lipid 

peroxidation. This study suggests that the physiological and biochemical effects of priming 

with chemical components from smoke in seeds of Velloziaceae species of CR can generate a 

memory in plants in the initial growth phase. However, this response is complex, and further 

studies are needed to understand the role of fire in germination and seedling recruitment. 

 

Keywords: Campo Rupestre; Fire; Smoke; Germination; Seedlings; Priming. 

  



 

 

INDICADORES DE IMPACTO 

 

A crescente degradação de áreas naturais, intensificada pela exploração antrópica, tem 

comprometido a biodiversidade e o equilíbrio ecológico de ecossistemas únicos como o 

Campo Rupestre. Nesse contexto, a restauração ambiental surge como uma necessidade 

urgente e estratégica, não apenas para conservar espécies nativas, mas também para fomentar 

benefícios sociais, econômicos e ecológicos mais amplos. Essa pesquisa, sobre os efeitos do 

fogo na germinação de sementes de duas espécies nativas (Vellozia compacta e Vellozia 

caruncularis) apresenta inovações que podem transformar práticas de revegetação em áreas 

impactadas e propensas ao fogo. 

A utilização da técnica de priming em sementes com “água de fumaça” - solução 

obtida a partir da queima de material vegetal, mostrou-se promissora ao induzir maior 

germinação em sementes e melhor estabelecimento de plantas em crescimento inicial, 

conferindo maior tolerância de mudas em campo. Isso representa um avanço tecnológico 

relevante, pois integra um elemento típico do Campo Rupestre, o fogo em uma estratégia de 

baixo custo voltada à restauração ecológica. 

O impacto social desse estudo se estende à promoção de práticas sustentáveis em 

diferentes setores. Empresas podem empregar áreas revegetadas para obtenção de créditos de 

carbono e certificações ambientais; iniciativas de pagamento por serviços ecossistêmicos 

(PSE) podem ser fortalecidas; e setores como o ecoturismo, o extrativismo sustentável e o 

mercado imobiliário também se beneficiam da valorização de áreas restauradas com espécies 

nativas. Adicionalmente, o desenvolvimento de protocolos para o uso da técnica com “água 

de fumaça” pode fomentar a comercialização de sementes mais resistentes, com maior 

viabilidade e potencial de armazenamento, agregando valor à cadeia produtiva de sementes e 

mudas nativas. 

Do ponto de vista científico, a pesquisa é pioneira na análise dos mecanismos 

bioquímicos e fisiológicos envolvidos na ação dos compostos da fumaça sobre sementes e em 

plântulas das duas espécies estudas. Os resultados oferecem subsídios para o uso do priming 

como ferramenta eficaz em programas de restauração ambiental, especialmente em 

ecossistemas propensos a queimadas naturais. 

  



 

 

IMPACT INDICATORS 

 

The increasing degradation of natural areas, intensified by anthropogenic exploitation, 

has compromised biodiversity and the ecological balance of unique ecosystems such as the 

Campo Rupestre. In this context, environmental restoration emerges as an urgent and strategic 

necessity not only to conserve native species, but also to foster broader social, economic, and 

ecological benefits. This research, which investigates the effects of fire on the seed 

germination of two native species (Vellozia compacta and Vellozia caruncularis), presents 

innovations that may transform revegetation practices in fire-prone and impacted areas. 

The use of seed priming with “smoked water”, a solution derived from the combustion 

of plant material, has proven promising in promoting higher germination rates and better early 

plant establishment, enhancing the field tolerance of seedlings. This represents a significant 

technological advance, as it incorporates a characteristic element of the Campo Rupestre fire 

into a low-cost strategy aimed at ecological restoration. 

The social impact of this study extends to the promotion of sustainable practices 

across various sectors. Companies can use revegetated areas to obtain carbon credits and 

environmental certifications; payment for ecosystem services (PES) initiatives can be 

strengthened; and sectors such as ecotourism, sustainable extractivism, and real estate can 

also benefit from the valorization of restored areas with native species. Additionally, 

developing protocols for the use of the smoke water technique may encourage the 

commercialization of more resilient seeds with greater viability and storage potential, adding 

value to the native seed and seedling supply chain. 

From a scientific perspective, this research is pioneering in its analysis of the 

biochemical and physiological mechanisms involved in the action of smoked compounds on 

seeds and seedlings of the two studied species. The results provide a foundation for using 

priming as an effective tool in environmental restoration programs, especially in ecosystems 

prone to natural fires. 
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1 INTRODUCTION 

 

Campos Rupestres are a phytophysiognomy of the Atlantic Forest, Cerrado, and 

Caatinga biomes (Miola et al. 2021), hosting approximately 5.000 species of vascular plants, 

which represents around 14% of Brazilian floristic biodiversity (Silveira et al. 2016). This 

remarkable diversity is associated with natural selection events and processes involving 

genetic drift (Rapini et al. 2021). However, anthropogenic and climatic changes are negative 

pressures that could lead to the loss of numerous endemic species in this environment. 

Fernandes et al. (2020), emphasize that open ecosystems, such as the Campos Rupestres, are 

often neglected in conservation and species maintenance efforts, which over time has 

facilitated resource exploitation in these phytophysiognomies. 

Naturally, the occurrence of fires in campo rupestre plays a significant role in the 

ecological and evolutionary processes over time, which have been shaping the configuration 

of this ecosystem (He, 2019; Oliveira et al. 2016). The passage of fire can lead to a high and 

rapid germination of some seeds present in the soil, representing an adaptive advantage for 

post-fire regeneration (Baskin & Baskin, 2014; Stradic et al., 2015a, b). However, the fire 

itself, i.e., burning and high temperature, it is not the only component of the environment 

modification, because ‘where there is fire, there is smoke’.  

The resulting smoke from the combustion of plant materials contains various 

compounds that can promote plant growth and development, positively affecting certain 

species (Brown 1993; Van Staden 2006; Waters & Nelson, 2023). However, the modulation 

of vegetation by fire can be a problem when it is used uncontrolled, clandestinely, and 

periodically, damaging the re-establishment of local flora. Although many species of fauna 

and flora are resilient and adapted to this disturbance, it can hinder the establishment of new 

organisms and species that respond negatively to fire and smoke (Fernandes et al. 2019; 

Pausas, 2019; Silva et al. 2023; Zirondi et al. 2019). Thus, considering alternatives for the 

restoration of degraded areas prone to fire is fundamental for the safety and survival of many 

species, so pre-treating seeds with smoke-derived compounds can be an alternative to this 

problem (Hodges et al. 2021).  

A strategy to overcome this problem is the use of seed priming, a technique in which 

orthodox seeds can be soaked in a specific solution until halfway through phase two of the 

three-phase pattern of water absorption, without germinating properly, and then dried to their 

original fresh weight (Farooq et al. 2006a, 2006b; Bradford, 1986). The germination process 

of orthodox seeds goes through three distinct physiological phases. Phase I is characterized by 
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rapid water absorption driven by the low water potential of the dry seed, resulting in an 

increase in fresh weight without significant metabolic activity; in phase II, water absorption 

stabilizes, but metabolic processes resume, such as cell repair, enzyme synthesis, respiratory 

activation and remobilization of reserves; finally, phase III marks the beginning of actual 

germination, signaled by the protrusion of the radicle and the start of seedling establishment 

(Nonogaki et al. 2010). 

This dynamic of imbibing, and drying seeds in a controlled manner can intensify 

metabolic and biochemical adjustments during the germination and post-germination process 

(Paparella et al. 2015). This technique can provide several benefits to the seeds and, 

consequently, enhances seedling establishment by increasing vigor, uniformity, and overall 

germination rates (Farooq et al. 2019). 

This work aimed to determine whether seeds previously treated with priming of smoke 

extract exhibit greater tolerance to a potential fire passage scenario in the vegetation, by 

simulating the seeds in the soil. The hypothesis addressed was: the seed priming of two 

Vellozia species with compounds derived from the burning of plant material improve seed 

germination, as well as benefit the seedlings with the biochemical memory induced in the 

seeds by priming. 

 

2 THEORETICAL FRAMEWORK 

 

2.1 Fire and its consequences modulating plant growth and development 

 

Since the "boom" of plant emergence on Earth at the end of the Jurassic and the 

beginning of the Cretaceous, several events have shaped vegetation over time. Fires resulting 

from volcanic eruptions and storms, along with an increase in oxygen in the atmosphere, were 

quite intense during this period (Brown et al. 2012). However, many plants, especially the 

most derived group, the angiosperms, showed adaptations to coexist with fire and to exploit it 

to survive and maintain their descendants (Brown et al. 2012; Pausas and Lamont, 2022). 

The discovery of chemical compounds from the burning of plant material in the 1990s, 

as potential plant regulators, spurred numerous studies to understand the behavior of fire and 

smoke in plant growth and development (De Lange and Boucher, 1990). Smoke resulting 

from the burning of plant material can contain more than 4.000 chemical components, which 

can trigger physiological responses in plants (Sakuma et al. 1981; Andreoli et al. 2003). 
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These numerous compounds can modulate different responses in plants, in the early 

growth phase, water containing smoke compounds can interact with some hormones, such as 

gibberellins, which can act synergistically to promote germination and seedling development. 

These compounds increase lipid peroxidation in the endosperm, mobilizing reserves and 

reducing oxidative stress by increasing the synthesis of antioxidant enzymes (Sunmonu et al. 

2016; Yang et al. 2019). Another response is related to the mechanisms of perception of light 

quality, demonstrating that these chemical compounds in the signaling pathway promote the 

activity of transcription factors responsible for the response to light in plants, regulating the 

processes of photomorphogenesis (Bursch et al. 2021). In response to the photosynthetic 

process, these may be more efficient with the use of smoke compounds, favoring an increase 

in plant biomass and productivity even under adverse conditions (Komatsu et al., 2022; Shah 

et al., 2020; Sharifi e Bidabadi, 2020). 

These responses from these chemists are important to think about in open 

environments, such as tropicais savannas, where herbaceous vegetation is predominant, 

making up the main source of fuel for fires in these areas (Trollope, 1982; Veldman et al., 

2015). Fire acts as a significant disturbance, inducing profound effects on ecosystems, causing 

the destruction of plants and, often, leading to short-, medium-, and long-term changes in the 

composition of plant communities (Bond and Van Wilgen, 1996; Trollope, 1982; Veldman et 

al., 2015; Bond and Keeley, 2005; Bond, 2004). 

However, plants can regenerate after a fire through (i) resprouting (Pilon et al. 2020; 

Zupo et al. 2020); (ii) the breaking of seed dormancy in seeds buried in the soil (Pausas and 

Lamont 2022; Waters & Nelson, 2022), and (iii) by serotiny, when seeds are kept in cones or 

fruits for some time until they are released by an environmental stimulus, such as fire 

(Lamonte et al. 2020). The mechanism of promoting germination through fire varies; the heat 

generated by the passage of fire can cause the thick seed coat to crack, increasing its 

permeability to water, which leads to imbibition and subsequently germination. Another 

mechanism involves chemical compounds present in smoke, charcoal, or ash, which can 

stimulate better germination parameters and break the physiological dormancy of certain 

seeds (Brits, 1986; Cochrane et al. 2002; Flematti et al. 2013; Burrows, Alden, & Robinson, 

2018; Moreira et al. 2010; Stradic et al. 2015). 

 

2.2 Campo Rupestre  
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Campos Rupestres occur in the highest elevations of four major orographic systems: 

the Espinhaço Range, the Mantiqueira Range, Serra dos Carajás and the Serra do Mar. They 

are recognized as important centers of endemism for the neotropical flora (Giulietti & Pirani 

1988, Eiten 1992, Giulietti et al. 1997, Safford 1999, Rapini et al. 2008, Fiaschi & Pirani 

2009; Silva et al. 1996). Historically, Magalhães, 1966 and Joly, 1970 were pioneers in using 

the term “Campos Rupestres”, considering the vegetation, altitude, and soil composition in 

which species are distributed. 

Currently, this environment is characterized as a complex vegetational ecosystem with 

rich plant diversity, occurring on nutrient-poor soils. It is predominantly composed of 

graminoid patches and shrubs, though it also includes woody species (Mucina, 2018; Neves et 

al. 2018). Messias et al. 2012, and Silveira et al. 2016, define it as a montane grassland with 

shrubby species adapted to fire, forming a mosaic of endemic vegetation associated with 

quartzitic, ferruginous, or sandstone rock outcrops, as well as sandy soils, stones, and 

seasonally flooded grasslands. 

The formation of the floristic composition of this environment resulted from the long-

term isolation of populations and species, facilitating speciation and leading to the highest rate 

of endemism among Brazil's vegetation types. Additionally, it exhibits a high species turnover 

across different locations (De Bano et al. 1995; Echternacht et al. 2011; Neves et al. 2018; 

Colli-Silva et al. 2019; Mattos et al. 2019). In Brazilian territory, this ecosystem covers only 

0.8% of the surface area; however, it harbors 15% of the country’s entire flora, making it the 

most critical biodiversity hotspot in the country (Silveira et al. 2016; Fernandes et al. 2014, 

2018). 

One of the botanical families that stands out in this ecosystem is the Velloziaceae, 

which has its center of diversity and endemism in the Campos Rupestres, whose species 

comprise a third of the vegetation cover of several communities (Mello-Silva et al. 2011; 

Zemunik et al. 2018). This family has herbaceous species with leaves arranged in rosettes and 

their roots are aerial (Ayensu, 1973; Demetrio, 2020), capable of dissolving quartzite rocks, 

releasing P, and contributing to the biological weathering of rocks (Porder, 2019; Teodoro et 

al. 2019). Vellozia caruncularis Mart. ex Seub. and Vellozia compacta Mart. ex Schult. & 

Schult.f. are endemic species which make up a rich diversity of rocky grasslands and have 

suffered from the increasingly frequent anthropogenic impacts on these areas. 

Recognized as a megadiverse ecosystem, Campo Rupesre is currently threatened by 

anthropogenic exploitation of both fauna and flora (Fernandes, 2016; Fernandes et al. 2018). 

Some issues, such as fire regimes resulting from human action, have impacted the Campos 
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Rupestres, modifying their floristic composition (Drummond et al. 2018). Although the 

vegetation is resilient and adapted to the passage of fire, as is the case with species of the 

Velloziaceae family (Alves et al. 2010; Souza et al. 2018), the periodicity of burning events 

can promote initial competitive advantages for non-native plants, as fire can cause an increase 

in the availability of nutrients, favoring the emergence of these plants (Coutinho, 1990; 

Nardoto et al. 2006). However, more research is needed to assess the impact of fire on the 

dynamics of the Campo Rupestre vegetation (Silveira et al. 2016). 

Silveira et al. (2016), highlight the need for conservation efforts regarding the Campo 

Rupestre, as it is an ancient ecosystem, considered both a museum of ancient lineages and a 

cradle of diversification for endemic lineages. Therefore, immediate measures are necessary 

to mitigate anthropogenic threats that could lead to further losses in this ecosystem over the 

coming decades (Fernandes et al. 2020). Furthermore, given the lack of literature on the 

morphological characterization and propagation of many of these species, it is essential to 

advance their understanding to support habitat regeneration, revegetation, and the 

maintenance of ecological communities. 

 

2.3 Fire, smoke and seed germination 

 

Seed germination represents a delicate and critical phase in the plant life cycle, 

influenced by both intrinsic seed traits and external environmental conditions (Bewley et al., 

2013). Fire events can significantly alter these conditions, often promoting the germination of 

a greater number of species from the seed bank. This highlights both the direct and indirect 

effects of fire on seed germination and subsequent seedling recruitment (Dairel and Fidelis, 

2024). 

The molecules present in smoke can induce biochemical responses in seeds. Several 

studies have demonstrated mechanisms of action of compounds extracted from smoke that 

mimic and/or suppress the effect of red light on light-sensitive seeds. This process is based on 

the conversion of phytochrome from its inactive form to its active form, in addition to 

interacting with gibberellins, the main hormone involved in inducing germination (Panda et 

al. 2022; Wang et al. 2022). Therefore, it is likely that smoke affects membrane permeability 

or red-light receptor sensitivity to induce germination responses (Brown and Van Staden, 

1997; Gupta et al. 2019; Jamil et al. 2020; Van Staden et al. 1995). 
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When dispersed, seeds may encounter atypical conditions for germination (Pandey et 

al. 2025). Khatoon et al. (2020) demonstrated the role of smoke derived from plants in the 

morphological, physiological, and biochemical mechanisms of plant growth under stress 

conditions. Jamil et al. (2014) found that treating seeds with plant-derived smoke enhanced 

germination and seedling growth under saline stress by improving ion balance, increasing 

chlorophyll, carotenoids, nitrogen, and total protein levels. Already Shah et al. (2022), 

showed that under water stress, smoke-derived compounds enhance antioxidant enzyme 

activity and elevate organic and amino acid levels in seedlings, reducing oxidative damage 

and supporting redox homeostasis. 

These adverse conditions, such as low water availability, high salt content in the soil 

and high temperatures to which seeds and seedlings are subjected, can cause oxidative 

damage due to the accumulation of reactive oxygen species (ROS) in the system, impairing 

growth and development (Bhattacharjee, 2012; Choudhary et al., 2020; Mhamdi and Van 

Breusegem, 2018). In wheat, smoke derived compounds from plants act by eliminating the 

ROS, increasing antioxidant enzyme activity, stimulating the expression of stress-responsive 

genes, and increasing proline content, an important osmoprotectant that enhances plant 

tolerance to stress (Shabir et al. 2020; Küçükakyüz and Çatav, 2021; Iqbal et al. 2018). 

Another effect of smoke compounds is their interaction with hormones such as 

cytokinins, gibberellins, abscisic acid and ethylene. Smoke can act by sensitizing the embryo 

to these hormones, increasing the embryo's sensitivity to them, so that the levels of 

endogenous hormones, which are normally too low to trigger germination, become 

active/promoting (Van Staden et al. 2008). 

 

2.4 Seed priming 

 

One of the first scientists around the world to verify the priming effects in seeds was 

the naturalist and evolutionary biologist Charles Darwin (1809–1882), who subjected the 

seeds to immersion in seawater to enhance germination, thus inducing osmopriming (Darwin, 

1855 a, b; Paparella et al. 2015). The priming technique, which Darwin already used, aims to 

hydrate/imbibe and dry seeds in a controlled manner before sowing, allowing the metabolic 

processes of germination to proceed without actual germination (Farooq et al. 2006). The 

three-phase soaking pattern of orthodox seeds is essential for understanding the methodology 

and mechanisms of priming. In the first phase, there is a large increase in the seed's fresh 
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weight due to the rapid absorption of water, followed by the stabilization of fresh weight in 

phase two, when metabolic processes are reactivated and reserves are remobilized, 

culminating in the last phase, marked by germination (Nonogaki et al. 2010). 

Seeds treated with priming show greater and more uniform germination due to enzyme 

activation, cell repair mechanisms, protein synthesis and antioxidant defense mechanisms, 

when compared to untreated seeds, and this response also extends to the biochemical 

parameters of the seedlings during their establishment (Dias et al. 2024; Orunsolu et al. 2025; 

Silva et al. 2023). 

Priming also increases the accumulation of osmolytes, such as proline, glycine 

betaine, and polyamines, through alterations in metabolic processes that can confer greater 

tolerance to seeds and seedlings (Afzal et al. 2008; Delavari et al. 2010; Jafar et al. 2012; 

Marthandan et al. 2020). This method also has the potential to improve plant adaptation, 

enhancing tolerance to both biotic and abiotic stresses (Khalaki et al. 2021). 

Plants may face various stresses throughout their development, and studies show that 

plants from seeds treated with priming techniques have greater tolerance to stresses, in 

general (Hussain et al. 2018; Ibrahim, 2016; Nedunchezhiyana et al. 2020; Ofoe et al. 2022). 

Thus, different preparation techniques (hydro, osmo, chemical, physical, and biostimulants) 

are applied to increase tolerance to abiotic stresses, such as saline or drought stress (Johnson 

et al. 2021). 

In hydropriming treatment, seeds are soaked in water under optimal temperature 

conditions, being considered the most well-known priming method, though it is currently 

applied compared to other methods (Johnson et al. 2021; Taylor et al. 1998). Osmopriming is 

a widely used procedure that involves treatment with osmotic solutions at low water potential, 

facilitating the control of water absorption and ensuring successful germination of many 

species (Marthandan et al. 2020). Chemical treatments with substances like hormones can 

directly impact seed metabolism, being effective in developing stress tolerance (Moori et al. 

2020; Nouri and Haddioui 2021). 

However, the use of priming with chemical smoke compounds in mitigating biotic and 

abiotic stresses is scarce in the literature, making the knowledge of smoke’s action as a 

priming effect unknown. However, studies report that smoke-derived compounds, considered 

plant regulators, such as karrikins, have positive effects during plant growth and development 

(Khatoon et al. 2020). 
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3 MATERIAL AND METHODS 

 

3.1 Plant material  

 

The plant material was collected in March of 2024, in the Parque Estadual da Serra do 

Rola-Moça, in the municipality of Nova Lima, Minas Gerais. Seeds of Vellozia caruncularis 

Mart. ex Seub. and Vellozia compacta Mart. ex Schult. & Schult.f. (20°03'38.9"S, 

44°02'01.3"W) were collected from at least ten individual mother plants. After collecting the 

fruit, the seeds were processed by hand and stored in paper bags for 10 months at 5ºC until the 

start of the experiments. In addition to the seeds, the litter layer was also collected 

(20°03'14.4“S, 44°00'07.7”W) from the same environment to extract the “smoked water”. 

 

3.2 Smoked water procedures 

 

For the extraction of “smoked water”, an adaptation of the methodology described by 

Akeel et al. (2019) (Fig. 1), was carried out, utilizing two Kitasato flask, one containing the 

burnt litter layer and the other receiving the smoke compounds, a vacuum pump, and a heater 

(±280-300ºC). The proportion of litter layer to water was 5g to 50 mL, as described by 

Fernandes et al. (2020). At the end of extraction, 50 ml of the “smoked water” was produced 

in the Kitasato flask coupled to a vacuum pump. This process yielded a stock solution, and the 

pH of the solution was measured. In all extractions, the pH was approximately 3.8. 
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Figure 1: Smoke water extraction procedure. There were used two Kitasato flask; one is puted above 

the heater containing the litter layer that is interconnected with other kitasato flask containing distilled 

water and one vacuum pump that received the smoked water from the first kitasato flask.     

 

3.3 Priming procedures: using the smoked water for imbibing the seeds 

 

For the priming procedures, the seed imbibition and drying curves were defined. For 

all species, an imbibition curve was established (increase in fresh weight along with the 

imbibition time), followed by a drying curve (decrease in fresh weight until the initial mass is 

reached), to determine the appropriate time for priming. To carry out the imbibition curve, 

five replicates were used for each species, containing 0.1g of seeds in each replicate; these 

seeds were imbibed in distilled water and placed in Petri dishes, being weighed every hour 

until germination was visualized (2mm radicle). 

The time to reach the phase II of imbibiton curve were 48h. Next, for the drying curve, 

five repetitions were also used for each species, where they were placed on germination paper 

and disposed in gerboxes containing silica gel. The gearboxes were kept at a controlled 

temperature of 25°C in a germination chamber, and the seeds were weighing every hour until 

they reached dry weight (initial weight, before starting imbibition). 

 Seeds of each species were disposed in microtubes containing a 1:10 dilution of the 

stock smoked water solution for the priming procedure. The seeds stayed 48h imbibing in 

1:10 smoked water, dried for 4 hours at a controlled temperature of 25 °C, and then used in 

the experiments. Non-primed seeds were used as another source of variation of seeds pre-

treatment. 
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3.4 Experimental procedures: soil seed bank – fire and smoke effects simulation 

 

The experiments were set to simulate the fire passage or smoked dilution compounds 

in water when seeds are buried in soil seed banks. Three metal trays measuring 30 × 40 cm 

and 6 cm high, perforated to drain the water, were used. A total of 9 kg of red clay type soil, 

in a 2:1 ratio of soil to sand, was added to each tray. Unpriming (seeds that have not 

undergone priming) and SWpriming (primed seeds with smoked water – SW) The seeds were 

placed in metal mesh envelopes 1 cm above the soil surface, then covered with a further 4 cm 

of soil. Each envelope contained 500 seeds of V. compacta or V. caruncularis. 

Each tray represented a different condition. In the first treatment (control), the trays 

containing the seeds received only water, without litter layer. In the second treatment (ashes), 

ashes from previously burned plant material were applied on the top of the substrate of the 

trays, followed by water. In the last treatment (fire), the plant material - 3 cm high containing 

0.275 kg of Campo Rupestre litter layer - was placed on the tray and burned on top of the soil, 

simulating the passage of the fire, which burned for about 10 minutes. At the end of 

combustion, the soil was thoroughly moistened to maintain field capacity for seed imbibition. 

The fire treatment contained a digital thermometer where the seed envelopes were, to record 

the temperature during the fire. The temperature before the fire was 27.2°C (for all trays) and 

during the burning, the maximum temperature was 51.0°C (Fig. 2).  

The volume of water applied was determined using a Haines funnel (Cássaro et al. 

2008) to estimate the field capacity concerning the soil proportion. The seeds of both species 

remained in the soil seed bank for a period defined by the imbibition curve, 48 hours for both 

V. compacta and V. caruncularis. After this period, the envelopes containing the seeds were 

exhumed, and germination tests were conducted. 
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Figure 2: Simulation of soil seed bank scheme in tree trays: seeds of the Vellozia compacta and 

Vellozia caruncularis with unpriming and priming with smoke water (SWpriming) were set in packs 

and distributed in tree trays, simulating different conditions. In the first one, the seeds received only 

water, simulating the control; in the second tray ashes from the burned the vegetal material were used; 

and in the third tray there was the simulation of the passage of the fire. All the trays, were watered and 

kept hydrated for 48 hours until exhumation of the seeds, and assembly of the germination test. In the 

end of the germination test, all the seedling were transported to gerbox with a sand bed for seedling 

establishment. 

 

3.5 Germination experiments and seedling sampling 

 

Before the germination tests, all seeds were disinfected with 1.5% sodium 

hypochlorite for 10 minutes, followed by rinsing in distilled water three times. The 

germination tests for the Vellozia species were carried out in germination boxes using two 

layers of germination paper, and the seeds were placed in germination chambers with a 

photoperiod of 12 hours of light with 40 μM of photons m-2 s-1, at the optimal temperature for 

each species: 25°C for V. caruncularis (Vieira et al. 2018) and 30°C for V. compacta (Bicalho 

et al. 2017). For the germination tests, the germination percentage, germination speed index 

(GSI) (Maguire, 1962), and cumulative germination were calculated by daily counting the 

number of germinated seeds and the total number germinated at the end of the experiment, 

considering the radicle protrusion. 
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At the end of the germination experiment, the seedlings were transferred to 

germination boxes containing autoclaved sand and maintained under laboratory conditions for 

two months for acclimatization, until collection for biochemical analyses. The seedling 

presented that 2-3 leaves (Fig. 3-A, B) when were sampled. The samples were macerated in 

liquid nitrogen and weighed for later extraction and quantification of biochemical markers. 

 

 

Figure 3: Seedling of the Vellozia compacta (A) and Vellozia caruncularis (B) before the 

collected to biochemistry analysis. 

 

3.6 Biochemical analyses 

 

The extraction followed a protocol from López-Hidalgo (2020), using a sequential 

ethanolic extraction (100%, 80%, and 50% ethanol). Each ethanolic extract was centrifuged 

for 10 minutes at 4 °C, then subjected to a water bath at 70–75 °C for 20 minutes. After each 

extraction step, the supernatant was collected and combined into a single tube for subsequent 

quantification of the biochemical markers. Free amino acids (FAA) (Yemm and Cocking, 

1955), malondialdehyde (MDA) (Buege and Aust, 1978), and total soluble sugars (TSS) 

(Yemm and Willis, 1954) were measured, as follows. 

For quantifying the TSS, 40mg of the anthrone, 1 mL of distilled water and then add 

20 mL of sulfuric acid were mixed. For the standard curve, we used increased concentrations 

of glucose and, 1 mL of the anthrone solution was added in each tube. These tubes were 
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transferred to a bath at 100ºC for 5 minutes and read at 620 nm on a spectrophotometer. The 

amount of TSS was calculated according to the standard curve. 

For the FAA quantifying, it was prepared on reagent mix with sodium citrate buffer 

(0,25 mL), ninhydrin (0,1 mL) and potassium cyanide (0,5 mL). For the standard curve was 

utilized crescent concentrations of glycine, 850 μL of the reagent mix and 650 μL of the 

ethanol 60%. These tubes were transfer to the bath at 100ºC for 5 minutes and read at 570 nm 

of absorbance. The amount of FAA was calculated according to the standard curve. 

For the MDA, was used one aliquot of the 125 μL of the sample was pipetted in one 

microtube with 250 μL that reaction medium that trichloroacetic acid (0,5%) and 

thiobarbituric acid (10%) and later, these microtubes with samples were transfer to the bath at 

95ºC for 30 minutes. Each sample was in duplicated thus, 2 tubes were used per sample. After 

the time in the bath, the reaction was stopped in ice following pipetted that 200 μL of the 

sample and read absorbances at 535 and 600 nm. The extension of lipid peroxidation was 

calculated by [MDA]= (A₅₃₅ - A₆₀₀)/(ℇXb), in which ℇ = molar extinction coefficient = 1,56 x 

10−5, b = optical length = 1. 

 

3.7 Experimental design and statistical analyses 

 

The experiments were in randomized design in two-way scheme, with two seeds 

treatments (unpriming and SWpriming) and tree different conditions (control, soil with ashes 

and fire) where the seeds were buried. For each metal tray, there were used four packs with 

unpriming seed and 4 packs with SWpriming seed; for each specie; in each pack there were 

500 seeds, which were used for germination tests. For the biochemistry analysis, there were 

used all the seedlings formed along with germination test. The seedlings were macerated and 

weighty between 0,02 – 0,08 mg to compose each repetition.   

Statistical analyses were carried out using R studio software. The data were subjected 

to the Shapiro-Wilk normality test, analysis of variance and Tukey's test at 5% probability. 

 

4 RESULTS 

 

4.1 Germination parameters  
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In general, Vellozia sp. seeds subjected to SWpriming increased germination 

parameters compared to seeds not subjected to SWpriming. In V. compacta, the conditions of 

the water, ashes and fire, did not impacted the percentage of germination and GSI (Fig. 4-A, 

C). However, the treatments with SWpriming presented high germinative parameters 

comparing with unpriming seed (Fig. 4-A, C). This difference was clearly observed in 

cumulative germination curve, where the seed SWpriming stood out with greater speed and 

germination percentage (Fig. 4-E). 

Regarding to V. caruncularis, the conditions of the water, ashes and fire impacted the 

germination of this specie, in germination percentage and GSI (Fig. 4-B, D, F). The seeds 

kept under ‘fire’ condition showed increased germination in relation to those from ‘control’ or 

from ‘ashes’, independent of being or not primed (Fig. 4-B). The SWpriming induced faster 

germination in all conditions; but unprimed seeds increased germination only in ‘fire’ 

conditions, in relation to ‘control’ or to ‘ashes’ (Fig. 5-D).  
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Figure 4: Germination percentagem; germination speed index (GSI) and acumulative germination of 

the Vellozia compacta and Vellozia caruncularis species with SWpriming treatments (black bars) and 

unpriming (white bars) under different conditions: water, ashes and fire. Significant differences (p 

<0,05) between priming treatments are marked with lower case letters, while for the diferente 

conditions, upper case letters. Pt, P-value between treatments; Pc, P-value between conditions; PtXPc, 

P-value the interaction of treatments and conditions; Ns (not significant) do not show any significant 

difference by Tukey’s test at 5% significance. Data are means ± standard errors (n= 4).  

 

4.2 Biochemical parameters  

 

 

Seed treatment and the conditions they were kept during soil seed bank simulation 

impacted the levels of TSS, FAA and MDA in both species (Fig. 5). In V. compacta, there 
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was no difference in TSS between the SWpriming and unpriming treatments, but when 

comparing with the condition containing ashes, showed a higher amount of sugars compared 

to control and fire (Fig. 5-A). 

SWpriming treatment promoted the highest amount of FAA under the condition where 

the seed bank received only ashes, while for unpriming, the increased values of FAA were 

found in the condition where the seeds received only water (Fig. 5-C). The lowest values of 

FAA were found in the condition where fire was applied, independent of the priming 

treatment. MDA was lower in all treatments of seedlings generated from SWpriming seeds, 

but there was no statistical difference between the conditions water, ashes and fire (Fig. 5-E). 

In V. caruncularis, the levels of TSS were influenced both by priming treatment and 

conditions where the seeds were kept. The seedlings from SWpriming treatment stood out in 

the conditions where the seeds were exposed to water and ashes in the seed bank, while for 

unpriming, the seedlings showed the highest accumulation of TSS in the tray that received 

only water (Fig. 5-B). Comparing the best conditions for TSS accumulation in seedlings, the 

condition water in the seedlings from ‘water’ condition, independent of pre-treatment, and 

SWpriming from ‘ashes’ condition experienced the highest values of TSS accumulation (Fig. 

5-B). 

Similarly to TSS, the ‘fire’ conditions induced reductions in concentration of FAA, 

independently of the seeds pretreatment. In water condition, seedlings from unpriming 

accumulated increased levels of FAA, while in ‘ashes’ condition seedling from SWpriming 

showed the highest levels (Fig. 5-D). In terms of MDA accumulation, SWpriming in the tree 

different conditions presented decreased accumulation of the MDA comparing the unpriming 

seeds, however, comparing that water, ashes and fire, there was no statistical difference 

between them. (Fig. 5-F).  
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Figura 5: Total Soluble Sugars (TSS); Aminoacids (FAA) and Malondialdehyde (MDA) of the 

Vellozia compacta and Vellozia caruncularis specie with SWpriming treatments (black bars) and 

unpriming (white bars) under different conditions: water, ashes and fire. Significant differences (p 

<0,05) between priming treatments are marked with lower case letters, while for the diferente 

conditions, upper case letters. Pt, P-value between treatments; Pc, P-value between conditions; PtXPc, 

P-value between the interaction of treatments and conditions. Ns (not significant) do not show any 

significant difference by Tukey’s test at 5% significance. Data are means ± standard errors (n= 3).  

 

5 DISCUSSION  

 

This work brings, for the first time, the fire and ashes effects on germination and 

seedling biochemical changes of Velloziaceae seeds treated or not with smoked water. It was 
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possible to verify that seeds pretreatment influences seed germination in distinct ways in both 

species studied, as well as in the seedlings sampled, according to the conditions where the 

seeds were kept after pretreatments. In V. caruncularis, fire induced higher germination 

parameters, acting as an environmental cue to promote germination at optimal times for 

survival and ecosystem regeneration. This effect was enhanced by the application of priming. 

In contrast, V. compacta did not show changes in germination parameters due to fire, but 

rather in response to priming. Fire provides nature-based cues to trigger germination in many 

taxa, both in fire-prone and non-fire-prone habitats worldwide (Soós et al. 2019). Heat shocks 

caused by flames (Aguayo-Villalba et al. 2021; Dairel & Fidelis, 2020; Zirondi et al., 2019) 

and chemical signals from smoke (Nelson et al. 2012; Pandey et al. 2024; Ramos et al. 2019; 

Staden et al. 2000) are the most frequently reported fire-related effects that promote seed 

germination and seedling establishment. 

Despite the two Vellozia species studied here showing different responses to fire 

simulation in terms of germination, both responded similarly to the priming treatment, 

indicating that seeds of these species may be stimulated as they absorb these compounds in a 

post-fire scenario, reflecting on the speed of germination. In Campos Rupestres, species from 

the Velloziaceae family can form long-term seed banks upon seed dispersal (Garcia et al. 

2017), and these seed banks are modulated across seasons until a suitable germination 

window arises, allowing the seedling recruitment. It is known that most seed dispersal in 

Campo Rupestre occurs before spring, with peak of germination occurring during the rainy 

season (Garcia et al. 2020). However, the imbibition process may not occur continuously in 

some seeds, which then experience hydration-dehydration (HD) cycles (Meiado, 2013; Dias et 

al.2024). 

Seeds of Velloziaceae family from Campo Rupestre do not show physiological 

dormancy, but they are dependent of light to germinate (Garcia et al. 2020). Because of this, 

they can form long-term soil seed banks (Garcia et al. 2017), in which the recurrent imbibition 

and drying cause the priming effect. In this work, both species studied were benefited to 

priming application, increasing both germination percentage and velocity, the crucial effects 

of priming on seeds (Paparella et al. 2015). Besides improving germinability, seed priming 

with smoked water could induced signaling to seedling recruitment in both Vellozia species 

studied here. The smoked water or pyrolysis products have been used for inducing seed 

germination in fire-prone species (Keeley and Pausas, 2018; Alahakoon et al. 2020). The joint 

action of thousand compounds can result in additive, synergistic or antagonistic effects on 

germination (Bose et al. 2020; Gupta et al. 2019). The seed priming treatments can also 
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improve ‘priming memory’ in seedlings (Lutts et al. 2016), as some biochemical results seen 

in this work.  

In V. compacta and V. caruncularis, the results show that alterations in sugar 

metabolism, increasing the level of this, triggered by smoke water priming were crucial for 

plant growth and development during the initial stages. Pre-treatments with smoke-derived 

compounds significantly influence sucrose metabolism, triggering increased enzymatic 

activity such as that of sucrose synthase and enhancing total soluble sugar content (Rehman et 

al. 2018). Some works indicate that smoke can affect the activity of sucrose-cleaving 

enzymes, which play important roles in regulating plant growth and development (Koch, 

2004; Sturm and Tang, 1999). Glucose signaling mediated by invertases may induce the 

expression of genes involved in cell division and auxin biosynthesis, directly influencing plant 

growth (LeClere et al. 2010; Ruan, 2012).  

Both species exhibited a higher accumulation of free amino acids in seedlings 

subjected to treatments simulating the chemical effects of fire through ash application and 

under control conditions. This suggests that smoke-derived compounds can markedly alter 

total protein and amino acid contents (Aremu et al. 2012, 2014; Singh et al. 2014). Rehman et 

al. (2018) presented proteomic analyses revealing that proteins related to branched-chain 

amino acid metabolism may be affected. This greater accumulation of free amino acids may 

be explained by intensified protein degradation, possibly through protein ubiquitination 

processes and activation of genes related to proteolysis (Chyliński et al. 2007; Soós et al. 

2010). 

In the Vellozias sp. studied here, priming with smoke-derived compounds increased 

free amino acid levels, which is directly associated with improvements in germination 

parameters and seedling growth. It is well-established in the literature that seed priming can 

induce various biochemical modulations, improving seedling establishment (Anwar et al. 

2020; Louis et al. 2023).  This is likely due to enhanced enzyme activity, such as amylase and 

sucrose synthase, which intensifies the mobilization of stored reserves, including proteins that 

are broken down into free amino acids (Singh et al. 2024; Wang et al. 2022). Under adverse 

conditions, the increase in free amino acids such as proline contributes to osmotic adjustment, 

enhancing plant tolerance to stress and being accompanied by heightened antioxidant activity 

(Rao et al. 2023; Zhang et al. 2015). 

In the species studied here, a higher accumulation of MDA was observed in seedlings 

derived from untreated seeds, in contrast to those subjected to priming. Various 

environmental factors can induce stress conditions, impairing growth and development, but 
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priming can reduce oxidative damage during the germination process and seedling 

establishment (Ghiyasi et al. 2024; Goswami et al. 2013; Jisha and Puthur, 2016; Ren et al. 

2023; Salah et al. 2015). Additionally, smoke-derived compounds may also act by enhancing 

the efficiency of the antioxidant system, leading to lower MDA accumulation in plant tissues 

(Ağci et al. 2024; Gupta et al. 2022; Pinit et al. 2023). Reduced lipid peroxidation and 

oxidative stress damages were also seen after priming treatments in other species (Orunsolu et 

al. 2025; Pereira et al. 2022; Silva et al. 2023). 

Between species, V. caruncularis showed to maintain the ‘priming memory’ even in 

seedlings, however, this effect seems to be lost when the seeds were in ‘fire’ condition. In V. 

caruncularis seedlings, the reductions in sugars and aminoacids due to fire passage when the 

seeds were buried might be related to increasing temperature (51 ºC), that probably stimulated 

the reserves consumption. Interestingly, the germination percentage and velocity of V. 

caruncularis seeds increased due to fire in relation to the ‘water’ and ‘ashes’. It seems that 

this species, which occurs in fire-prone environments, improves germinability after the 

passage of fire, more because of the temperature than the compounds in the smoke, which has 

already been reported by Vieira et al. (2017). Otherwise, V. compacta seedlings seem not to 

be sensible to keep priming memory, but its effects were very pronounced on seed 

germination, independent of the condition they were kept after priming. For V. compacta, it 

seems that the seeds are very sensible to HD, but not necessarily to fire passage and 

increasing temperature.  

This study demonstrates that the two native species investigated are capable of 

responding to fire-related cues, highlighting their potential resilience in fire-prone 

environments. The use of smoke-derived compounds in seed priming proved to be a 

promising strategy for enhancing germination and promoting better seedling establishment, 

suggesting its applicability in revegetation and ecological restoration. Furthermore, this 

research presents for the first time how seed germination and seedling establishment of V. 

compacta and V. caruncularis are modulated by fire occurrence, and how seeds treated with 

smoke-compound priming respond to these modulations, offering physiological and 

ecological insights into the persistence of these species in their natural environment. 

 

6 FINAL CONSIDERATIONS 
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This study brings significant contributions about the fire acting in seed bank soil and 

seedling establishment, as well as investigating priming in seeds after the passage of the fire 

in two important species from Velloziaceae family from Campo Rupestre. 

The fire passage and the post-fire conditions can inducing directly signal in the seed 

bank soil through the action physical and chemistry. These signals were observed in the 

dynamic of the germination of the Vellozias sp. with the increase in germination parameters, 

highlighting the adaptive value of these species to fire. The responses of this condition to 

germination are adjusted to the specific thresholds of each species, the environmental triggers, 

and the intrinsic physiological factors of the seeds.  

The seed priming technique, can be an important procedure to better germinative 

parameter and induce better biochemical responses during seedling establishment. Here, the 

two species pre-treated with “smoke water” priming (SWpriming) showed better germination 

parameters and this response was extended during their initial growth. Thus, SWpriming could 

be an alternative for promoting restoration via direct seeding of fire-prone areas, at least for 

Campo Rupestre. 

These responses reaffirm the ecological importance of fire as a disturbance and a 

regenerative force intertwined with the various strategies of native vegetation. Thus, 

understanding this dynamic is essential for conservation and rewilding processes, as well as 

predicting the resilience of plant communities in the face of altered fire regimes due to climate 

change or anthropogenic pressures. This is a pioneering study in understanding the 

biochemical factors of V. compacta and V. caruncularis seedlings after fire. Future ecological, 

physiological and biochemical research should be carried out to better understand the 

resilience of native Campo Rupestre vegetation in the face of fire episodes. 
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